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Objective: Shortage of donor organs for children has led to the use of living
related adult lung lobar transplants. It is not known how these lobes or the
recipient remaining lung grow after such transplants. The purpose of the
present study was to assess lung growth in rat lungs up to 6 months after
adult lobe transplantation into a juvenile recipient. Methods: Right cardiac
lung lobes from adult male Lewis rats were transplanted into the left
hemithorax of juvenile (6-week-old) male Lewis rats after left pneumonec-
tomy. Animals with appropriate controls were put to death 14 days and 6
months after transplantation. The lungs were fixed inflated and studied by
means of quantitative morphometric techniques. Results: By 6 months after
transplantation both the recipient right lung and the transplanted cardiac
lobe were significantly larger than normal (p 5 0.005; p 5 0.001). In the
recipient right lung this increase was due to an increase in the number of
alveoli (p 5 0.004) and in the transplanted cardiac lobe to an increase in
size of the alveoli (p 5 0.008). Conclusions: An adult lobe transplanted into
a young recipient is still viable and has normal architecture after 6 months,
and growth of the recipients’ own lung continues. The outlook for compa-
rable transplants in children is promising, although the human condition
can be complicated by rejection, infection, and treatment strategies.
(J Thorac Cardiovasc Surg 1998;115:644-51)
Lung transplantation is an accepted treatmentoption for end-stage lung parenchymal and pul-
monary vascular disease. However, the shortage of
donor organs limits the use of this procedure. In
children, living related donation has been successful
in kidney, liver, and lung transplantation. The num-
ber of available donor lungs for children is even
smaller than for adults, and the more extensive use
of living related lobe donation would help amelio-
rate this organ shortage. Several animal models
have been developed to study the problems of
surgical techniques and postoperative management
of lung lobar transplantation1-3 but few studies have
been conducted on the growth of the lungs, either in
the donor or in the recipient lung. Kern and associ-
ates4 transplanted an adult lobe into a juvenile pig
and showed normal growth in the recipient native
lung and a normal appearance in the transplanted
lobe 3 months after transplantation.
In a series of 20 patients receiving living related
donor lobes, survival was 75% at 1 year,5 with the 10
pediatric patients surviving for up to 2 years.6 The
long-term functional outcome of such patients is
unknown. We have previously studied the growth of
the immature transplanted rat lung after single lung
transplantation. After transplantation of an imma-
ture donor lung into an immature recipient, both the
transplanted lung and the native, recipient control
lung continued to grow.7 Similarly, an immature
lung transplanted into an adult rat also continued to
develop normally, whether the strains used were
isogeneic or allogeneic.8 In the present study, a right
cardiac lobe of lung from a mature rat has been
transplanted into an immature recipient rat that had
undergone a left pneumonectomy. The growth of
the transplanted lobe and the recipient right lung
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has been assessed after 2 weeks and after 6 months
by means of quantitative morphometric techniques.
Material and methods
Right cardiac lung lobes from 10 adult male Lewis rats
(320 to 400 gm) were successfully transplanted into the
left hemithorax of 6-week-old juvenile Lewis rats (120 to
150 gm) after left pneumonectomy. Animals were put to
death 14 days (n 5 4) and 6 months (n 5 6) after the
operation (mean weight 191 gm and 424 gm, respectively).
In addition, six juvenile Lewis rats underwent only a left
pneumonectomy and were put to death 6 months after the
operation. Control, unoperated rats of similar weight and
age were also put to death (n 5 10). All rats were
purchased from Harlan Sprague Dawley, Inc., Indianap-
olis, Indiana. All animals have received humane care in
compliance with the “Principles of Laboratory Animal
Care” formulated by the National Society for Medical
Research and the “Guide for the Care and Use of
Laboratory Animals” prepared by the Institute of Labo-
ratory Animal Resources and published by the National
Institutes of Health (NIH Publication No. 86-23, revised
1985). The lobar transplant after an initial learning pro-
cess was successful in 66% of cases. All animals with a left
lung pneumonectomy survived.
Operative procedure. Donor rats were anesthetized
with an intraperitoneal pentobarbital injection and their
lungs were mechanically ventilated with room air. The
thoracic organs were exposed through a median sternot-
omy and the right cardiac lobe artery, vein, and bronchus
were dissected free to the base of the lung. Ties were
placed around the venae cavae and ascending aorta. After
full heparinization (4 mg/kg), these vessels were tied and
divided. The lungs were then flush perfused with Mar-
shall’s solution (Baxters, Newbury, UK Ltd.) at 4° C via
the right ventricle, with effluent flowing out through the
amputated left atrial appendage. Ventilation was contin-
ued during perfusion and the trachea was ligated during
expiration. The cardiac lobe bronchus was tied and the
lobe separated from the rest of the lung block and stored
in the perfusate at 4° C. The right cardiac lobe is used for
transplantation because it is easily separated from the rest
of the right lung, having a complete pleural covering to the
hilum. This lobe in the adult is similar in volume to the left
lung of the immature rat.
The recipient rat was anesthetized by inhalation of a
mixture of 60% oxygen, 40% nitrogen, and 4% halothane,
intubated, and mechanically ventilated. The left side of
the chest was opened through the fifth intercostal space
and the left hilum was dissected free. After proximal
clamping of the pulmonary vessels and ligation of the left
main bronchus, a left pneumonectomy was performed.
The donor right cardiac lobe was positioned in the left
side of the chest so that the bronchial cartilage of the
donor was juxtaposed to the membranous portion of the
recipient bronchus. The pulmonary vein and artery were
anastomosed by means of interrupted sutures for the front
wall, allowing for future growth. The lung was reperfused,
after which the bronchus was anastomosed by means of
interrupted sutures. The chest wall was closed and a small
chest drain left in situ, to be removed during recovery
from anesthesia. Immediately after the operation a radio-
gram confirmed the correct positioning of the trans-
planted right cardiac lobe. The left pneumonectomy only
group of animals were operated on by means of the same
approach with ligation of the left main artery, vein, and
bronchus.
Preparation of heart and lung tissue. At the end of the
growth period the rats were weighed before lethal intra-
peritoneal injection of pentobarbital. The right and left
Fig. 1. Photograph of the right lung (RL) and right cardiac lobe (RCL) of a control rat aged 7.5 months
and the recipient right lung (RecRL) and transplanted right cardiac lobe (TxRCL) 6 months after
transplantation. Bar 5 8.5 mm.
The Journal of Thoracic and
Cardiovascular Surgery
Volume 115, Number 3
Hislop et al. 6 4 5
lungs were simultaneously perfused through the main
pulmonary artery and inflated through the trachea with
10% formaldehyde in buffered saline solution at a con-
stant pressure of 30 cm H2O. The trachea was then tied off
so that the lung was fixed inflated. After fixation the
transplanted right cardiac lobe, the recipient right cardiac
lobe, and the remaining three lobes of the recipient right
lung were studied separately by means of quantitative
morphologic techniques. Lobar volume was assessed by
water displacement. The diameter of the bronchus at the
hilum was measured with a dissecting microscope. Each
lobe was then cut into 2 mm thick slices that were
point-counted with a dissecting microscope and 1 mm
grid. Point-counting separated discernible arteries and
airways from the parenchyma, which is composed primar-
ily of alveoli. Tissue sections were then processed through
wax and 4 mm sections cut and stained with hematoxylin
and eosin or with Miller’s elastic and van Gieson stain.
Microscopic point-counts and alveolar counts were made
and the total number of alveoli and the number per
milliliter of alveolar region were calculated.7 The number
per unit volume indicates alveolar size. The diameter of
all terminal bronchioli in each section was measured.
Pulmonary arterial thickness was measured and expressed
as a percentage of external diameter:
2 3 Media wall thickness
External diameter 3 100 (1)
Statistical analysis. The results for each structural fea-
ture for each lobe or lung in each experimental group and
in each control group were compared by means of one-
way analysis of variance. When appropriate, Student’s t
test for unpaired data was used.
Results
Appearance of the lung. Six months after trans-
plantation the recipient right lung and transplanted
right cardiac lobe appeared larger than those of age-
and weight-matched controls (Fig. 1). The right lung
from the recipient rat was enlarged and the trans-
planted right cardiac lobe was considerably larger
than normal and also had a less angular shape. The
increase in size of the right recipient lung was
apparent after only 14 days. Bronchograms after 6
months showed that all lobes were inflated, but the
right lung was displaced into the left hemithorax
(Fig. 2), and when the thorax was opened this was
the disposition of the lungs. Microscopically, the
transplanted lobe was seen to have a thickened
pleura, but the airways, blood vessels, and alveoli
were normal in structure. The alveoli appeared
enlarged in comparison with normal alveoli (Fig. 3,
A and C).
The alveoli of the native recipient right lung
appeared normal (Fig. 3, B). In the pneumonecto-
mized animals the alveoli of the remaining lung
were notably larger (Fig. 3, D).
Quantitative results. In control Lewis rats the
lung volume increases with age.8 A similar in-
crease was seen in the lungs of normal animals
used as controls for the operated animals killed 14
days and 6 months after transplantation (Fig. 4, A
and B). Fourteen days after lobar transplantation,
the volume of the recipient right lung was already
greater than in normal lungs of the same age. By
6 months after transplantation the volume of both
the recipient right lung and right cardiac lobe was
significantly greater than in controls of the same
age (p 5 0.005 and p 5 0.009, respectively). The
combined volume of the recipient right lung and
right cardiac lobe and the transplanted cardiac
lobe was greater than the total lung volume (right
and left lung) of control rats of the same age (10.1
vs 7.7 ml, p 5 0.03). At this time the donor
transplanted right cardiac lobe was also signifi-
cantly larger than it was at the time of transplan-
tation (p 5 0.003) in comparison with age-
matched control animals. The volumes of the right
Fig. 2. X-ray film of adult rat with airways imaged after a
bronchogram 6 months after transplantation. The right
lung is displaced into the left hemithorax. All lobes were
inflated with air.
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lung and right cardiac lobe of the animals after a
left pneumonectomy were significantly larger than
normal, and similar to the volume of the recipient
right lung seen after transplantation.
Alveolar number and size. Six months after trans-
plantation the alveolar number in the recipient
native right lung was significantly greater than nor-
mal (p 5 0.004), whereas in the transplanted cardiac
Fig. 3. Photomicrographs of the alveolar region: A, Transplanted right cardiac lobe 6 months after
transplantation. B, Recipient right lung 6 months after transplantation. C, Control lung. D, Pneumonec-
tomized lung. a, alveolus; ad, alveolar duct; br, bronchiolus; p, pleura.
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lobe alveolar number was normal (Fig. 5, A). In the
lung after pneumonectomy the number of alveoli in
the right lung, although increased, was not signifi-
cantly different from either the control or the native
recipient lung. Alveolar size determines the number
of alveoli per milliliter, and values were normal in
both the right lung and right cardiac lobe of the
recipient, but the number per milliliter was signifi-
cantly decreased in the transplanted cardiac lobe,
indicating an increase in alveolar size (p 5 0.008)
(Fig. 5, B). After pneumonectomy, in the right lung
the alveolar number per milliliter was decreased,
significantly so in the cardiac lobe (p 5 0.05).
Airway diameter. The diameter of the hilar air-
ways was not increased after transplantation in
either the transplanted or native recipient lung. By
contrast, after pneumonectomy the diameters of the
hilar bronchi of both the right lung and right cardiac
lobe were increased after 6 months (Fig. 6, A).
Diameter of the terminal bronchioli was normal in
all lungs (Fig. 6, B).
Pulmonary arterial medial thickness was normal
in all cases (results not shown)
Summary of results. From this study it appears
that an adult lobe transplanted into a juvenile
recipient maintains its normal architecture and in-
creases in volume by increasing alveolar size. Mul-
tiplication of alveoli was not excessive. The native
lung of the recipient young rat continued to grow,
producing normally formed alveoli and alveolar
vessels; however, growth was excessive, the number
of alveoli being increased together with some in-
crease in their size. The changes seen in the remain-
ing lung after left pneumonectomy alone were sim-
ilar to those seen after transplantation, but less
alveolar multiplication occurred and the alveoli
showed a greater increase in size.
Fig. 4. Right lung and right cardiac lobe volume (A) 14
days and (B) 6 months after transplantation and pneumo-
nectomy, together with control values. Mean and standard
deviation. *p , 0.01 in comparison with age-matched
controls.
Fig. 5. Total alveolar number (A) and alveoli per millili-
ter (B) in the right lung and right cardiac lobe 6 months
after the operation. *p , 0.01 in comparison with control.
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Discussion
Much interest has been generated in the use of
lobar or “reduced-size” adult lung transplants be-
cause of the shortage of donor organs in the pedi-
atric age group. Experimental studies have shown
that an adult lobe transplanted into an immature
sheep, dog, or piglet survives well.1-3 Transplanta-
tion of mature lobes from pigs aged 3 months
transplanted into neonatal piglets (aged 10 to 21
days) led, immediately after operation, to preferen-
tial ventilation of the adult lobe because of its
greater compliance.9 An outcome study on young
piglets aged 8 to 10 weeks at operation, and studied
12 weeks after transplantation, showed an increase
in the volume of the adult transplanted lobe but no
significant increase in alveolar number or size, sug-
gesting growth of connective tissue and cellular
components.4 By contrast, 6 months after transplan-
tation of the adult cardiac lobe, we found that
alveoli had increased in size, leading to an increase
in lung volume.
Growth by increasing the size of existing alveoli
has previously been described in the compensatory
growth that occurs after pneumonectomy.10, 11 In
the present studies, the transplanted cardiac lobe
was smaller than the normal left lung at the time of
transplantation, and it increased in volume to fill the
left hemithorax. In doing so it changed in shape.
Lungs from children with scoliosis developing in
later childhood have lungs of unusual shape. In
children with cystic fibrosis who have undergone
transplantation, the transplanted lung is overin-
flated because of the abnormal shape of the rib cage,
but this does not appear to impair the function of
this lobe.12
In the present study on rats, the native immature
right lung increased in volume to become larger
than normal, because of an increase in both alveolar
size and number. Our previous studies on rats have
shown that lung transplantation can disturb growth
control in the contralateral, native lung of the
recipient. When an immature left lung was trans-
planted into an immature rat (both syngeneic and
allogeneic transplants), the number of alveoli in the
native right lung was greater than normal only 2
weeks after transplantation and continued to in-
crease, alveolar number still being greater than
normal 6 months after transplantation.7 A similar
response occurred in the native adult right lung 6
months after transplantation of an immature left
lung (syngeneic and allogeneic).8 In the adult recip-
ients, the transplanted immature left lung was obvi-
ously smaller than the excised lung; therefore one
might expect compensatory growth. However, the
average difference between the recipient and donor
left lung volume of immature rats at the time of
transplantation was only 0.8 ml, and in the present
study the size differential between the removed left
lung and the transplanted cardiac lobe was only 0.9
ml. The increase in volume of the right lung 6
months after transplantation was 2 to 3 ml. Other
investigations have shown that the compensatory
growth that occurs when one or two lobes of the
right lung are removed from a young animal is not
excessive and results in a lung of normal volume for
age.13, 14 After a left pneumonectomy the right lung
grows rapidly by increasing cell number and then
alveolar structures until the total volume is sufficient
to replace the resected tissue.15 However, in our
studies on the transplanted rat lung, the right lung
volume alone was similar to the total lung volume of
Fig. 6. Diameter of lobar bronchus (A) and terminal
bronchioli (B) for the right lung and right cardiac lobe 6
months after the operation. *p 5 0.05 in comparison with
control.
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normal animals. These observations suggest that
after transplantation the right lung does not sense
the presence of the denervated left lung or cardiac
lobe. It is surprising that the right lung was not
prevented from growing by the physical presence of
the left lung. When inert material was left in the
thorax after pneumonectomy in adult mice, the
contralateral lung did not grow as rapidly as after
pneumonectomy alone.16
In adult rats compensatory overgrowth after
pneumonectomy is by increase in size of alveoli
rather than number.10 In the present study, left lung
pneumonectomy in young rats caused an increase in
right lung volume owing to the combined increase in
both the number and size of alveoli. Similarly,
Holmes and Thurlbeck11 found that when pneumo-
nectomy was carried out in 4-week-old rats the
remaining lung grew by alveolar multiplication, but
it grew by increase in alveolar size when the pneu-
monectomy was carried out at 12 weeks of age.
These findings imply that there is a critical time
period during postnatal development when alveolar
multiplication can occur. Davies and associates,17 in
a study on the long-term outcome of pneumonec-
tomy in 6- to 10-week-old dogs, found that the
remaining young lung grew by an increase in alveo-
lar number, but the final number achieved after 5
years did not exceed the normal adult number of
alveoli for that lung, even though lung volume was
increased. By contrast, in our transplantation studies
on rats the increase in volume of the contralateral
recipient lung of both juvenile and adult animals was
caused by an increase in alveolar number, which
exceeded normal, in addition to an abnormal in-
crease in alveolar size. The mechanisms responsible
for these changes are unknown.
In rats receiving an allogeneic transplant that
atrophied soon after the operation, effectively pro-
ducing a pneumonectomy, the remaining right lung
enlarged by excessive alveolar multiplication.7 This
was a much greater response than was seen after the
standard pneumonectomy carried out in the present
study. Other studies also showed that the over-
growth of the right lung could be explained only in
terms of transplantation and was not due either to
denervation or to inadvertent narrowing of the
airway or to vascular stenosis of the transplanted left
lung, causing a disproportionate flow of air or blood
to the right lung.14 In both growing and adult
recipients the increase in right lung volume has been
seen after both syngeneic and allogeneic transplants,
suggesting that this is not an immune response.
Thus it appears that transplantation alone has
stimulated excessive growth, suggesting inappropri-
ate epithelial and mesenchymal responses. In vitro
studies suggest that proliferation of cultured epithe-
lial cells involves activation by insulin-like growth
factor–1 or by epidermal growth factor (EGF) func-
tioning with transforming growth factor–a (TGF-
a).18 Optimal growth of tracheobronchial epithelial
cells depends on the presence of EGF and TGF-a in
the medium.19 These cells also synthesize and se-
crete TGF-a such that there is a degree of autoreg-
ulation.18 EGF also accelerates maturation of the
alveolar epithelium.20 By contrast, TGF-b is a pow-
erful inhibitor of epithelial cell multiplication,21 but
its presence leads to an increase in protein synthe-
sis.22 It appears that the balance between TGF-b
and TGF-a and EGF may maintain the lung in the
normal state of cell multiplication and differentia-
tion once growth is complete. Studies on the unilat-
eral transplanted rat lung suggest that this balance
may be disturbed in the contralateral recipient lung.
The findings suggest that growth factor production
by one lung can affect the growth of the other, and
therefore studies on the expression of lung growth
factors in this experimental model may help eluci-
date the more general principles determining con-
trol of lung growth.
Recent studies showed that cold preservation and
reimplantation of the rat lung causes an increase in
the number of basal cells in the epithelium of the
peripheral airways.23 This damage seemed irrevers-
ible, because it was maintained for up to 6 months
after transplantation. This increase in basal cell
number was associated with overgrowth of the air-
way wall and lumen. A single insult may therefore
have a long-term effect on both airway and alveolar
development. Cyclosporine (INN: ciclosporin)
treatment may affect lung development but gener-
ally suppresses growth. In experimental animals,
high doses of cyclosporine suppress total body
growth24 and can also reduce the multiplication of
aortic medial smooth muscle and endothelial cells.25
However, we found that rats receiving transplanted
lungs, which were not treated with cyclosporine, also
had abnormally large native lungs. Treatment by
artificial ventilation or steroids may also affect lung
growth. In infants the use of glucocorticoids en-
hances the maturation of alveoli and prevents in-
flammation,26 but when glucocorticoids were given
to rats postnatally, alveolar multiplication was inhib-
ited27 and glucocorticoids given in the presence of a
high oxygen tension had a greater inhibitory affect.28
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Treatment with high oxygen tensions alone reduces
alveolar septation in newborn rats29 and also in-
creases airway smooth muscle and hyperresponsive-
ness.30
In conclusion, it would appear that an adult lobe
transplanted into a young recipient is still viable
after 6 months and that growth of the recipient’s
own lung continues normally. Clinical lung trans-
plantation, however, is complicated by rejection,
infection, and treatment strategies that may com-
promise lung development to a much greater extent
than transplantation itself.
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